A converged three-dimensional quantum treatment of vibrational predissociation in the Ar" ·CI 2 (B 3n ou .,v') van der Waals complex is presented. The potential energy surface used is a sum of pairwise Morse atom-atom interactions adjusted asymptotically to a C 6 1 R 6 + Csi R s anisotropic van der Waals form. Calculations have been performed in the energy region of Ar" 'CI 2 (B,v' = 6, 10, and 11) excited levels. In agreement with the experimental findings, the final rotational distribution of Cl 2 is found to be strongly dependent on the initial v' state being excited, as well as on the number of vibrational quanta lost in the vibrational predissociation process. The role of intramolecular vibrational redistribution for v' = 10 imd 11 for which the av = . -1 channel is closed is also studied. It is found that the vibrational predissociation (VP) dynamics are dominated by the coupling of the zero-order "bright" state with a single "dark" state from the v' -1 manifold of van der Waals vibrationally excited states which then decays to the continuum, and that the product state distribution is determined by the dissociation of the dark state. This is characteristic of the sparse limit for intramolecular vibrational redistribution. It also implies that the dissociation rate is not governed by a simple function of the initial quantum numbers such as the one given by the energy gap law. The golden rule approximation gives surprisingly accurate results for Ar" 'C1 2 dynamics. This will be very useful for fitting a potential energy surface to experimental results.
I. INTRODUCTION
The energies and dynamics of van der Waals complexes is a field of considerable interest. In particular, the vibrational predissociation of these molecules provides a clear example of intramolecular energy transfer on a single potential energy surface. The theoretical interpretation 1 of the first experimental studies z on He '" 12 has established propensity rules such as the minimum energy or momentum gap law and the minimum transfer of vibrational quanta. Lately, several experimental studies 3 -9 have been conducted on electronically excited states of other triatomic systems involving a rare gas atom and a halogen or interha10gen diatomic molecule. These experiments have provided a wealth of detailed information on the dynamics of vibrational predissociation processes: lifetimes and linewidths, spectral shifts, as well as final state vibrational and rotational distributions of the diatomic fragment. A variety of interesting dynamical phenomena were reported. Rainbow and interference effects in the final rotational distribution of the fragments, and intramolecular vibrational redistribution (IVR) prior to dissociation were invoked to explain the results. Time-independent three-dimensional quantum mechanical calculations .) Laboratoire du CNRS. on halogen or interhalogen complexes have been conducted for the Rg" 'C1 2 (Refs. 3,4, and 10) and Rg '" ICI (Refs. 11 and 12) systems, Rg being a light rare gas atom (He or Ne). From these calculations the following conclusions have emerged: (1) A sum of pairwise atom-atom potentials was able to fit lifetimes as well as final state distributions. (2) The diabatic vibrational golden rule (DVGR) and the rotational infinite order sudden approximation (RIOSA) usually give very good results. (3) The final rotational distribution is not simply determined by the zero-point motion of the quasibound state.
Time-dependent quantum calculations, 13 as well as quasiclassical model calculations, 14 allowed a more detailed interpretation. For example, the quasiclassical model shows the possibility of a rotational rainbow effect, and the quanta1 time-dependent treatment shows that in the case of He ... el z an interference effect due to the creation of separated wave packets on the final v surface is responsible for the double peak in the final rotational state distribution.
At the other end of the Rg' .. el 2 series, vibrational predissociation of the heavier Xe and Kr complexes 6 leads to a mostly smooth rotational distribution of the el 2 fragment, probably due to multiple collisions as the products of vi brational predissociation separate. While vibrational predissociation of these complexes may proceed via an IVR mechanism, rotational collisions in the exit channel lead to statistical behavior. the series, namely Ar" 'CI 2 , for which the van der Waals well depth is of the 'same order of magnitude as the Cl 2 stretching level spacing. The experiments on the vibrational predissociation of this complex s show that the ~v = -1 channelleads to a smooth but inverted rotational state distribution for the few levels for which this channel is open. For the ~v = -2 channel, the observed distribution has several local maxima, the position of which is a strong function of the initially excited vibrational level. It was argued that these phenomena could be understood in terms of a sequential relaxation mechansim in which the nature of the intermediate resonance state plays a role in determining the final product energy distribution.
Direct, real time observation of IVR in van der Waals molecules was first performed by Heppener et al. on the Ar" 'C 2 N 4 H 2 molecule. IS In the case of Ar" 'Cl 2 however, a full quantum mechanical treatment of IVR is feasible. In this paper we present a fully converged quantum mechanical calculation for the vibrational predissociation of Ar " 'C1 2 excited in the B electronic state, in the region of v' = 6 where the ~v = -1 channel is still open, and in the region of v' = 11 where the first open channel is ~v = -2 (v = 9). We use a model potential which is a sum of atom-atom pairwise interactions. The results are in agreement with the main experimental finding that the final rotational distribution is highly structured, and strongly dependent on the initial vibrational level excited. In addition, the product rotational distribution is found to be very different for the different vibrational channels. Since the product rotational distributions due to IVR dynamics are extremely sensitive to the potential energy surface, a fit of the experimental data could provide a very accurate surface for Ar" ·CI 2 • Smaller basis set calculations (tested for accuracy against the fully converged results) were performed for v' = 10 and 11 to more completely characterize the IVR dynamics. They demonstrate that the ~v = -2 dissociation dynamics are characteristic of IVR in the sparse limit. This is illustrated in Fig. 1 for dissociation from Ar " 'C1 2 (B,v'= 11) . For Ar"'Cl 2 , (as was the case for He and Ne" 'CI 2 ) , the van der Waals interaction potentials are very similar in the ground and B electronic states. Hence from the ground van der Waals level of Ar" 'C1 2 (X,v" = 0) Franck-Condon factors only allow for excitation of the ground level in each van der Waals vibrational manifold associated with level v' of Cl 2 in the B state.
For the case illustrated in Fig. 1 , the v' = 11 zero-order "bright" state (B,v' = II,?) corresponds to the ground state? of the van der Waals vibrational manifold associated with the Ar" 'C1 2 B state, Cl 2 stretch v' = 11. The v' = 10 zero-order "dark" states (B,v' = 10,11.) correspond to the excited van der Waals levels 11. of the Ar' .. Cl 2 B state, Cl 2 stretch v' = 10 manifod that have about the same energy as the v' = 11 bright state (but no oscillator strength from the X state, v" = 0). The v' = 9 dissocation continua (B,v' = 9,j,E) correspond to the continua oflevels of an Ar atom and the Cl 2 (B,v' = 9) set of rotational statesj, E being the relative translational energy. We find that in the region of v' = 10 and v' = 11 resonances, the dissociation dynamics are dominated by the mixing of a zero-order bright state (B,v',?) responsible for the photon absorption, to a single dark state (B,v' -1,11.) of the v' -1 manifold responsible for the dissociation due to its coupling to the v' -2 manifold. In a time-dependent description, this corresponds to the following sequential mechanism. Photon absorption prepares the zero-order bright state (B,v',?) , which then decays by IVR to a single dark state (B,v' -1,11.) , which in tum dissociates to the continuum (B,v' -2,j,E) . For the v' = 10 bright state, there is also a slight mixing with a second dark state. All calculations in this paper are for a total angular momentum J = 0, and, as illustrated in the figure, the energy is always relative to that of the van der Waals dissociation limit of the bright state.
The organization of the paper is as follows. Section II presents a summary of the methodology used in the converged calculations. Section III gives the potential for Ar" ·CI 2 • Section IV presents the calculations, which are discussed in Sec. V in terms of intramolecular vibrational relaxation, while Sec. VI is devoted to conclusions.
II. METHODOLOGY
We have used the method previously described for Ne " 'C1 2 (Ref. 10) diagonalization in a suitable stretching-bending basis set, (2) the final dissociative wave functions at energy E by integration of a set of rovibrational close-coupled equations with respect to the dissociative coordinate, (3) the overlap between the ground and the final states.
This provides partial and total photofragmentation cross sections at energy E. By varying E around the position of the vibrational predissociation (VP) resonances, the linewidths (and hence the lifetimes) can also be determined. Partial cross sections give the product vibrational and rotational distribution.
We use here the notation ofRoncero et al. 12 The Hamiltonian for the system is fz2 a 2 fz2 a 2 12 j2
where r is the intramolecular distance of C1 
where X:.~) (r) is a basis set of "free" Cl 2 stretch wave functions with energy E g), (v") :
where ljo is a spherical harmonic function and ljo (0) indicates that the other Euler angle has been set to zero hence no integration has to be performed over that angle 
with
and The intermolecular potential energy surface used in this work to describe the Ar' .. Cl 2 molecule is similar to the ones used for Ne " 'C1 2 (Ref. 4) and He" 'CI 2 , and to the ones used by Reid et al. 18 to calculate the bound states of He, Ne, and Ar" . C1 2 • In the region of the well it is a sum of atomatom pairwise interactions, and it is adjusted to an anisotropic van der Waals form in the asymptotic region
where R ArCl is defined in the next equation. V ArCl (R ArCI ) in Eq. (12) is described by a Morse function
where the distances R ArCl between pairs of atoms are related to r, R, and 0 by
The parameters D and R Arel for the Morse potential have been obtained by a rough adjustment to the available experimental data (dissociation energy and equilibrium distance), by performing a bound state caculation similar to that giving the ground state of the complex [Eqs. (2)- (6) All the potential parameters used in the calculations are given in Table I . The following masses were used in the calculations: mAr = 40 amu and mel = 35 amu.
The matrix elements of the potential (lj·o I w ~ I YJl ) 8 were calculated analytically using a Legendre expansion on a grid of 50 unequally spaced points between 2.5 and 13.0 A with cubic spline interpolation between the points and a C~ R 6 + CslR s extension beyond 13.0 A when necessary.
In Fig. 2 we present a contour plot of the intermolecular potential, averaged over the vibrational wave function v' = 11 of C1 2 • The equipotentials are 50 cm -I apart. The minimum is at the perpendicular configuration, with Re 
IV. RESULTS

A. Ground state
The bound state Ar" 'CI 2 (X,v" = 0) was calculated with 15 harmonic oscillator wave functions (frequency = 37.9 cm-I, equilibrium distance = 3.7 A), and 10 bending functions obtained from 20 spherical harmonics at Ro = 3.7 A, using 20 Legendre polynomials in the expansion of the potential. A convergence study showed that only one vibrational function (v = 0) ofCl 2 was needed. The resulting energy was -179.29787 cm-1 with respect to the Ar + CI 2 (X,v = 0) dissociation limit.
B. Converged calculations: Position and width of the resonances
We have conducted full three-dimensional photofragmentation cross section calculations for Ar" 'C1 2 in the spectral region corresponding to the B <--X transition of the Cl 2 moiety. Integration of the close-coupled equations was performed from 3.0 to 20.0 A with a step of 0.002 A. As expected, when the energy of the photon is varied, narrow lines are found in the near vicinity ofthe quasi bound van der Waals levels, which are broadened by vibrational predissociation.
The resonances were first approximately localized by calculating the corresponding quasibound state [Ar' .. Cl 2 (v' = 11) or (v' = 6) ] using the same proceed ure as for the ground state, including only one v' in the basis. Then calculation of the cross section at three values of the C so = -9 050 000 cm -I A 8
C 82 = -3620000cm-I A energy around the quasibound state allowed a good localization of the resonance (assuming a Lorentzian shape, which was later checked by calculating a few more points). Figure 3 presents the total cross section calculated as a function of energy for the photofragmentation of Ar " 'C1 2 in the region of the (B,v' = 6,9') and the (B,v' = 11,9') B,v' = 6,9') is open with only 17.8 cm -I excess kinetic energy, vibrational predissociation for this level is about ten times slower than for Ar " 'CI 2 (B, v' = II, ?) where ll.v = -1 is closed and dissociation via ll.v = -2 releases 117.6 cm -I excess kinetic energy. The failure of the calculated VP rates to obey the energy gap law is due to IVR and is discussed in Sec. V.
C. Converged calculations: Rotational distributions
Using Eq. (10) The calculated rotational distributions are quite different from the measured ones. This is probably due to inaccuracy in the anisotropy of the assumed potential. Still, the qualitative observations of highly structured rotational distributions that are quite different for different initial Cl 2 vibrationallevels are reproduced in the calculations. This will be even more evident in the next section in which results for u' = 10 and 11 are compared. Unfortunately, the experimental distributions for au = -2 dissociation of u' = 6 and au = -3 dissociation of u' = 11 were not measured. For u' = 11 it was estimated that the au = -3 dissociation accounts for less than 10% of the total. This is consistent with the 9% calculated probability for au = -3. on the Fujitsu VP200 computer at Orsay. Therefore we were not able to perform extensive searches for the dark states that couple with the final state of the principal transition. Such calculations were performed for u' = -10 and 11 employing a smaller basis of 5 Cl 2 stretching levels and 150 total channels. 23 These calculations reproduce the converged calculations. For instance the u' = 11 bright resonance for the reduced basis is at -176.599 cm -1 compared to -176.603 cm -1 for the converged calculation. Similarly, the rotational distributions display the same pattern as those of the converged calculation although the probability of any given channel may be in error by 1 % (the rotational distribution corresponding to the first open vibrational channel is quite well converged). For each energy the smaller basis set calculations required about 2 h on the FPS 500-EA or 1 h on the VAX 9000 vector processor computer at the University of Pittsburgh. (The CPU times given here are only rough approximations of the time required to perform the calculations: no extensive effort was made to optimize the code.)
D. Smaller basis set calculations: IVR resonances
Figures 6 and 7 show 2 cm -1 wide spectra in the region of the principal transitions for u' = 11 and 10, respectively. A weak transition is observed 1.03 cm -1 to lower energy of the principal resonance for u' = 11. Although the peak intensity of this "dark" state transition is 1/50 times that of the bright state transition, its width is 9 times greater so that the integrated intensity is 15% of the principal transition.
As shown in Fig. 8(a) , the product rotational distributions for decay of the bright and dark states are very similar. These phenomena are consistent with a zero-order picture of a v' = 11 bright state that decays to the I1v = -2 continuum by coupling with a single highly excited van der Waals mode in the I1v = -1 manifold.
In Energy (ern ) FIG. 7 . A 2 cm -I wide search in the region of the (B, u· = 10, 9') bright state reveals two dark states. The more strongly mixed dark state borrows 30% of the total intensity. Quasibound state calculations yield a zero-order assignment for this state as (B,u' = IO,A = 36). The other dark state borrows less than 1% of the total intensity, and is mainly (B,v' = 10, A = 35). Parameters for the bright and the more intense dark state are given in Table  YCb) .
to a dark state 0.6 cm -1 higher in energy than the principal transition is quite intense. Its integrated intensity is 43% that ofthe principal transition. The third observed transition is less than I % as intense as the two other transitions.
As shown in Fig. 8 (b) , the two relatively intense transitions yield quite similar product rotational distributions while the weak transition leads to a qualitatively different product state distribution. Thus the v' = 10 zero-order state couples strongly with one dark state and weakly to another. Although there may be other dark states in the region of these resonances, they do not couple strongly enough to the bright states to be observed. As expected from the experimental results, the v' = 11 and v' = 10 bright state resonances lead to very different product rotational distributions. Unfortunately, the transitions corresponding to the dark resonances could not be seen in Ref. 5 because the experimental resolution did not allow for single state excitation due to spectral congestion in the absorption of the Ar' .. Cl 2 complex. This should be feasible with an increased frequency resolution of the exciting laser.
V. DISCUSSION
The discussion section starts with an overview of the motivation of this work and the results which were obtained, and then presents the detailed analysis of the dissociation mechanism, the initial, intermediate, and final state wave functions, the IVR resonances, the validity of approximate treatments, and the possibility of combining theory with experiment for a precise determination of the potential for Ar" ·CI 2 • These calculations are motivated by a hypothesis that av = -2 vibrational predissociation of Ar' .. Cl 2 occurs via a sequential IVR process rather than by direct coupling of the initially excited quasibound state to the dissociative continuum. The direct coupling mechanism has usually been assumed for triatomic van der Waals molecules, and is the basis for the energy gap and momentum gap laws I that are very useful for understanding the vibrational predissociation dynamics when av = -1 dissociation is allowed. This is the case for He' .. C1 2 , N e' .. C1 2 , and other species for which the van der Waals bond energy is less than the energy of a single vibrational quantum of the covalent mode. The IVR mechanism was proposed for Ar" 'C1 2 because the product rotational distributions for vibrational predissociation are highly structured and are quite different for each initially excited vibrational level. This is in contrast to dissociation of He' .. C1 2 , for instance, for which the product rotational distributions are smooth and remarkably independent of either the initially excited vibrational level and whether the final vibrational level corresponds to av = -1, -2, or -3.
The calculations reported here give conclusive evidence for the IVR mechanism of av = -2 dissociation of Ar" ·CI 2 •
Fully converged three-dimensional calculations were performed for the resonance widths and product state distributions for the v' = 6 and 11 levels of the Ar' .. Cl 2 B state. To investigate the importance of higher order coupling, the calculations were repeated for the v' = 6 level except that all direct lavl > 1 coupling was suppressed. Similar calculations were performed for Ne" 'C1 2 (v' = 11) for comparison, and are discussed in Sec. V Abelow.
In order to show that vibrational predissociation from the v' = 11 level of Ar" 'C1 2 proceeds via a resonance with an intermediate metastable state, the continuum (v < 11) wave function in the region of the resonance was analyzed by calculating its overlap with the quasibound v' = 11 level multiplied by the coupling between them. This gives a measure of the localization of the continuum wave function in the region of the well, hence a way oflooking for the intermediate metastable state. For comparison, this procedure was repeated for the v' = 6 level for which no IVR occurs since av = -1 is an open channel.
The converged calculations for the v' = 6 and 11 levels show that, for the assumed potential energy surface, it is now possible to obtain an exact solution of the vibrational dynamics of Ar" ·CI 2 • Previously this has been difficult since the well depth for this molecule is deep enough that the Cl 2 stretch levels can no longer be treated by perturbation theory such as a golden lllie calculation and a large basis set must be used to integrate the continuum state for an exact line shape calculation. The results obtained from the converged calculations are qualitatively in accord with the experimental results. The lifetimes of the v' = 6 and 11 levels are, respectively, 2.6 ns and 251 ps. These are long enough that experimental line broadening measurements would not be possible for the laser resolution employed in Ref. 5. Although the calculated distributions are quite different in detail from those observed, they are highly structured for av = -2 dissociation, and quite sensitive to both the initial value of v' and the number of quanta lost during dissociation.
For dissociation from the v' = 6 level (Fig. 4) , the av = -1 product rotational distribution is relatively smooth, and each allowed product rotational level is observed. The av = -2 distribution is also relatively smooth. In contrast, dissociation from the v' = 11 level (Fig. 5) produces a highly structured rotational distribution for av = -2, with over 50% of the products in the j = 10, 12, and 24 states, while j = 14, for instance, accounts for less than 1 % of the products. The rotational distribution for av = -3 also is predicted to be quite structured, and quite different from that of av= -2.
Finally, we looked for the IVR resonances. If the dynamics for Ar' .. Cl 2 fall within the sparse limit for IVR, then the oscillator strength to the zero-order bright state, (v' = 11,9') for instance, should be distributed among the eigenstates according to the proportion of (v' = 11,9') mixed into the eigenstates. Then at least two resonances should be seen in the same energy region, revealing the existence of any zero-order dark states that interact with the bright state. For this purpose we performed smaller basis set calculations ( 150 channels), that were converged to within 1 % of the full calculations for the av = -2 product state distribution.
With the smaller basis, we were able to search for weak resonances, and found one in the region of the v' = 11 bright state, and two in the region of the v' = 10 bright state. In Sec.
V B, these resonances will be discussed within the framework of the IVR mixing model, and the dark states will be compared to quasibound state calculations of the levels that correspond to these resonances. This allows us to tentatively assign the dark states to specific levels within the van der Waals manifold. In addition, a golden rule calculation of the dark state dissociation shows that, in agreement with the IVR model, the final Cl 2 rotational distribution is governed by that state.
The relative VP rates for the three levels which were studied are quite different from what would be predicted from the energy gap law. The v' = 6 level, with a av = -1 energy gap of only 18 cm-I , has a lifetime of2.5 ns while the principal v' = 11 level with a av = -2 energy gap of 118 cm -I has a lifetime of only 250 ps. The decay rates for the v' = 10 and v' = 11 bright states depend on the strength of the coupling to nearby dark states, which does not correlate with v'. Another important result is that each bright state and the dark state to which it is most strongly coupled leads to the same product rotational distribution.
A. Sequential or direct mechanism
The measured features of the product state distribution discussed in the previous section lead Evard et al. 5 to postulate that Ar" 'Cl 2 dissociates via an IVR mechanism. They argued that the sharp features in the rotational distributions upon av = -2 dissociation are due to the retention of the bending mode character of the flv = -1 resonant state. Since the intermediate state that is in resonance with the initial quasibound state would be expected to be different for each Cl 2 stretch level, v', a different product distribution would be expected for each initially excited v' level. We have attempted to analyze this hypothesis in two ways. First, the close-coupling results are analyzed for the nature of the initial quasibound state and the product continuum using golden rule basis sets. Second, the relative importance of Iflvl = I and Iflvl> I coupling terms in the potential that lead to dissociation was investigated.
Characterization of the continuum: Golden rule calculations
We present here the analysis of the continuum wave functions. A golden rule type calculation was performed to obtain the extent of overlap of the product continuum state with the initial quasibound level. A coupling cross section vs energy was calculated using Eq. (16).
Here 'l'iO) is the quasibound state function with energy E )0) expanded as in Eq. (2) except that only the specified v' level (either 6 or 11) is used in the expansion. 'I'}~k is the continuum wave function that coresponds to Ar + CI 2 (B,v < v',j ) in the asymptotic limit, and is expanded as in Eq. (7) except that only the vibrational wave functions with Vc < v' are used. Since the quasibound state function is localized within the well, and since rr (the coupling potential) also is mainly localized near the well, r(E) should vary slowly with energy unless the continuum function is also localized near the well region. If r (E) does vary with energy, then this corresponds to a resonance for the
The results of this calculation are shown in Fig. 9 . For the v' = 6 quasi bound state, only a slowly varying cross section is observed: there is no indication of a resonance. For the v' = 11 quasibound state a resonance 0.14 cm -1 wide, located 0.36 cm -1 below the exact resonance is obtained. This indicates that the v' = 6 level decays by a direct coupling to the continuum while the v' = 11 state undergoes IVR in the small molecule limit of coupling to a specific intermediate level. This conclusion is further supported by the fact that the product rotational state distribution for vibrational predissociation of Ar" 'CI 2 (v' = 6), calculated by the golden rule method (given in Table II) , is surprisingly similar to that of the exact calculation even though there is extensive mixing in the Cl 2 stretching basis.
It is interesting to note that the width of the Lorentzian stretching van der Waals mode, which is the dissociative coordinate. It is remarkable that the golden rule treatment yields the same resonance width as the line shape calculation for the dark state resonance, Fig. 6 , although it does not give the correct position of the resonance since it neglects the W ~t.i 1 bound-bound coupling terms. It is also interesting that the golden rule treatment gives quite accurate product state distributions for the v' = 11 bright state (Table III ). As will be described more completely in the next section, a separate golden rule calculation was performed to obtain the product state distribution for the (v' = 10, A. = 29) dark state. As shown in Fig. 5 , the results of this calculation are in remarkable agreement with the exact calculation of the (v' = 11,9') bright state product rotational distribution. The success of the golden rule is probably due to the fact that IVR is mainly due to bound-bound interactions between the v' and v' -1 potentials, but the boundcontinuum interaction responsible for vibrational predissociation remains weak (the lifetime of the quasibound state is several hundred times the Cl z vibrational period), and so does the continuum-continuum interaction (the one between v' = II and v' = 10 is neglected in the golden rule calculation). Also, even though the bright and dark states are significantly mixed, the two resonances in Figs. 6 and 7 are still separated by 100 times the bright state resonance width, and the states may be considered to be isolated. This is confirmed by the Lorentzian profile obtained in the spectrum calculation.
Role of the .Jv=:!: 1 coupling
For collisional vibrational relaxation transitions corresponding to IAvl > 1 proceed via Av = ± 1 coupling. In our case, this coupling corresponds to W~,{~ 1 (= W~~)I.U) ' To investigate further the specific couplings that lead to dissociation of the van der Waals complexes, we have repeated the spectrum calculation while selectively deleting from Eq. (8) any W ~,:;,) coupling term with I v -v'l > 1. Tables II and IV give the results of such calculations for Ar" 'CI 2 (v' = 6) and for Ne " 'CI 2 (B, v' = 11) .
For the Ne" 'Cl 2 calculation, deletion of the IAvl > 1 coupling terms has no effect on the Av = -1 rotational distribution or on the Av = -1/ Av = -2 branching ratio, and only a small effect on the Av = -2 distribution. Similar results are obtained for Ar" 'CI 2 (v' = 6). The rotational distribution for the first open channel is essentially unchanged, slight changes occur for Av = -2 and -3. In addition the resonance energy is shifted by 0.00 1 cm -1 and the Av = -1/ Av = -2 branching ratio changes by 2%.
Thus the Av = ± 1 coupling is mainly responsible for all the transitions corresponding to vibrational predissociation: the influence of direct Av = ± n with n > 1 coupling is negligible. This shows that in a time-dependent picture, the mechanism for losing more than one vibrational quantum of Cl 2 is sequential, proceeding through several Av = -1 steps. Another important consequence of this result is that the calculation of the potential matrix can be appreciably reduced when the number of vibrational channels involved is large: the factor is nv(nv + 1)/2(2n v -1) "",nv/4 if nv is the number of vibrational channels and if they each have about the same number of rotational channels.
B. Direct calculation of the IVR resonances
With the smaller basis set calculations presented in Sec. IV D we were able to make a direct search for the IVR resonances. For both v' = 11 and 10 (Figs. 6 and 7) , a single dark state was found to be significantly mixed with the bright state. In each case the bright state resonance is significantly narrower than that of the dark state, while the bright state and the associated dark state lead to the same product rotational distribution (Fig. 8) . The weakly mixed dark state for v' = 10, however, leads to quite a different product state distribution. These phenomena are in accord with the IVR model in which the bright state contributes oscillator strength from the ground electronic state while the dark state governs the dissociation dynamics and the final state distribution.
If we only consider the two most strongly mixed bound states for each level, then the eigenstates can be written as follows,
Here tPb and tPd correspond to the zero-order bright and dark states, respectively, while tPl and tP2 are the two bound eigenstates that share most of the oscillator strength. The intensities of transitions to tPl and tP2 are proportional to a 2 and/3 2, respectively, while the linewidths are proportional to /3 2 and a 2 • For v' = 10, this analysis leads to a = 0.85 and /3 = 0.53; for v' = 11, a = 0.94, /3 = 0.35. In a previous communication,24 we showed that these results are consistent with IVR in the sparse limit. It will be interesting to determine how sensitive these results are to the details of the potential and to the initial value of v'. Since the dark state determines the dissociation dynamics, the final rotational state distribution of Cl 2 will depend on which particular A state is coupled by IVR to the bright state. This should be a strong function of the potential. Since the mixing between the bright and dark state, and the identity of the dark state, will not depend on v' in a simple way, there will not be an obvious trend of the IVR rate vs the initial v' state. For the present potential, the lifetime for v' = 11 is longer than for v' = 10 since the v' = 10 bright and dark states are more strongly mixed. We thus expect an erratic behavior of the lifetime as a function of v',
Characterization of the initial metastable state
In order to assign the dark states tPd to specific levels (v' -1),) within the van der Waals manifold, we have performed quasi bound state calculations using the same procedure as for calculating the ground state of Ar" 'Cl 2 [Eqs.
(2)- (6)]. Since the (v',SI') level is mixed with (v<v',A) levels with a high value of A, we had to use a different basis set in order to reach convergence: Ro (Eq. 4) is taken as 4.5 A instead of 3.7 A for the harmonic oscillator basis, and no intermediate bending basis set is used. Thirty harmonic oscillator (UJ = 15 cm -1), 20 free rotor, and 4 Cl 2 stretch basis functions (v ' + 1, v',v' -1, and v' -2) were needed in order to achieve convergence. The results are listed in Table V.   TABLE V. (a) Position, width, and analysis ofthe resonances in the vibrational predissociation of Ar' . 'CI 2 (R, v' = 6, , , ) . (b) Position, width, and analysis of the resonances in the vibrational predissociation of Ar"'CI 2 (R,v' = 10,9')' (e) Calculated rotational distributions ofCI 2 fragments in the vibrational predissocialion of Ar " 'CI 2 (R, v' = 11, 9')' (a) 2r ( It can be seen that there is one quasibound state corresponding to each resonance, both for v' = 11 and v' = 10. Their energies are quite well reproduced (they fall within one linewidth of the corresponding resonance) as the mixing coefficients. For example, the resonance at -177.28 cm -I for v' = 10, which was shown from the model described in Eq. (17) to be 72% (a 2 = 0.72) of the bright state tPb [mainly (v' = 1O,p:)] and 28% (/]2 = 1 -a 2 = 0.28) of the dark state tPd(V ' < 10), is found to be at -177.297 cm-I and to consist of 64% v' = 10, 35% v' = 9, and 1 % v' = 8. The projections of the corresponding wave function on v' = 10 and v' = 9 are shown in Fig. 10 .
The other resonance at -176.69 cm-I (28% tPb' 72% tPd) ' is found at -176.75 cm-I and is a superposition of 31% v' = 10,57% v' = 9, and 12% v' = 8. The projections of the corresponding wave functions on v' = 10 and v' = 9 are very similar to those shown in Fig. 10 . These two levels can be assigned as a combination of two zero-order states: Fig. 11 . Again, the zero-order dark state is too complicated to be given a simple bend-stretch assignment, although the nodal pattern is somewhat simpler than the one of the v' = 9,A. = 36 dark state. It is interesting that for both of the doorway states the wave function has a considerable amplitude at the linear configuration of the complex.
Characterization of the IVR regime
After assigning the (v' = 1O,A. = 29) dark state as the doorway state for the (v' = 11 ,p:) bright state dynamics, a golden rule calculation of the dissociation of the zero-order dark state was performed, using Eq. r vj (E) and predissociation width rcE) were calculated at the energy of the zero-order (v' = 10,A = 29) dark state. As shown in Fig. 5 the golden rule rotational distribution is very similar to the result of the exact calculation for the bright state. The linewidth is 0.18 cm -1, which is of the same order as the width of the dark resonance (2r = 0.14 cm -1) obtained in the golden rule characterization of the continuum, and as the width of the dark state deduced from (Vi , , 9') state is approximately 0.7 levels! cm -1 and 0.5 levels! cm -1 for v' = 10 and 11, respectively. This give p V = O.2for both levels, indicating that they correspond to the sparse limit for IVR. For p V < 1 we get the Fermi resonance limit, i.e., accidental resonance between a bright and a dark state, and for p V> 1 we get the dense limit for IVR, where the dark levels that are effectively coupled to the zero-order bright state build a quasicontinuum and give the bright state an IVR width which can be larger than the vibrational predissociation width. It would be quite interesting to look for these different regimes in Ar" ·e1 2 or other similar complexes. Going to higher values for v', the density levels will be decreasing but the coupling should be increasing since the vibrationallevels of el 2 are closer together.
C. Product rotational distribution: Dependence on the potential
Figures 4 and 5 show that, while the calculations do not quantitatively reproduce the measured product rotational distributions, they do reproduce the qualitative features observed in the experiments. Unlike dissociation of He" ·e1 2 and Ne" ·e1 2 which produced very smooth product rotational distributions, dissociation of Ar" ·e1 2 produced highly structured distributions. This feature is reproduced well in the calculations. Vibrational predissociation from Ar' .. el 2 (v' = 11) is calculated to produce rotational distributions that are sharply peaked atj = 10 and 24. The calculated distributions are more sharply peaked than the measured distributions for this level, and the measured distributions peak atj = 4 and 22. However, the measured distributions tended to get sharper as the initial rotational state selectivity was increased. A truly state selected experiment might result in a measured distribution as sharp as those calculated here.
Another feature of the experiment that is nicely reproduced in the calculation is that the product rotational distributions are quite different for different initial vibrational levels. In addition, the calculation also predicts that I:l.v = -2 and I:l.v = -3 dissociation processes lead to very different product rotational distributions, unlike the very similar distributions observed in the analogous processes for He" ·e1 2 and Ne" ·eI 2 • So far, no distributions have been measured for flv = -3 dissociation of Ar" ·eI 2 • The fact that the calculated distributions are quite different from the measured ones indicates that the potential used in the calculations is not correct. Although the atomatom form for the potential used here worked well for He" ·e1 2 and Ne' ·eI 2 , there are several reasons to expect that a more flexible form will be necessary for Ar' .. eI 2 • Most importantly, the correct potential for Ar" ·e1 2 may have a minimum in the linear configuration as well as in the"T-shape" configuration. The polarizability anisotropy of el 2 favors the linear minimum at long range. Tao and Klemperer 25 performed MQlller-Plesset (MP4) calculations for Ar' .. el z using a 6-31 + G( 2dj) basis set and found that the linear minimum is preferred even for the equilibrium separation. With this basis set however, the superposition error is too large to draw a definite conclusion. Since the IVR product rotational distributions are highly structured, they will provide a rigorous test of any assumed potential. In the future, rotationally state-selected experiments should be performed to provide data for such a test. In this regard, it is especially useful that the golden rule approximation can be used to obtain approximate results for the product state distributions. This fact, which was not anticipated, will allow for a considerable savings in computer time in the search for an accurate surface.
VI. SUMMARY AND CONCLUSIONS
Exact calculations have been performed for the excitation line shapes and dissociation dynamics of the Ar' .. elz, B state, Vi = 6 and 11 levels. Smaller basis set calculations, over larger energy ranges, were performed for v' = 10 and 11. The IVR mechanism for flv = -2 dissociation of Ar" ·el z has been unambiguously confirmed. For a given potential, the dark, doorway states can be identified, and the mixing strengths can be calculated. For the v' = 10 and 11 bright states, the dark states are the 36th and 29th, respectively, even van der Waals vibrational levels in the v' -1 manifold. These levels are highly excited and mixed, and therefore no simple bend-stretch assignment is possible. If similar calculations were performed for high Vi levels, then the dark state would be expected to be lower in the v' -1 manifold, and might be assignable. It was also shown that approximate calculations based on quasibound states coupled via the golden rule to the continuum are qualitatively accurate. This is true even though the el 2 zero-order states are highly mixed because the bound-continuum coupling responsible for dissociation remains weak, even if the bound-bound interaction responsible for IVR is quite important. Another factor is that the resonance widths are much less than the level spacing.
The dissociation dynamics of Ar" 'C1 2 are especially interesting because they fall between the direct bound-free limit that is characteristic of He' .. Cl 2 and N e' .. Cl 2 and the statistical limit that appears to apply to Kr" 'Cl 2 and Xe' .. C1 2 • The dissociation dynamics of the Ar' .. Cl 2 B state will be a strong function of the initial Cl 2 stretching level.
For v' < 8, !:w = -1 is open, but dissociation is quite slow because of the heavy Ar mass. For v' = 6, the dissociation lifetime is calculated to be 2.5 ns even though the energy gap is only 18 cm -1. For v' > 8 the dynamics proceed via IVR in the sparse limit. One, or only a few, doorway states provide the path from the initial quasibound state to the continuum. Since the energy mismatch and the coupling between the bright and dark states will be different for every initial level, it is not possible to predict how the dynamics will vary as a function of the initial state quantum numbers without performing the full calculation with an accurate potential. For the potential used here, for instance, the v' = 11 bright state lifetime is three times as long as the v' = 10 lifetime, and 1/ 30 times as long as the v' = 6 lifetime, in direct contradiction of the energy gap law.
Calculations such as those reported here will provide a severe test for any assumed potential. While the atom-atom Morse-van der Waals form of the potential employed here was adequate to reproduce the dissociation dynamics for He" 'C1 2 and Ne" 'CI 2 , it is not sufficient for Ar" 'C1 2 even though it contains the right well depth and geometry of the initial level. The calculated rotational distributions will be very sensitive to the assumed anisotropy since it is required that exactly the correct bend-stretch van der Waals level of the dark manifold be in near resonance with the bright state. Since these calculations are quite expensive, even with the reduced basis set, it may be wise to wait for state resolved data before extensive data fitting is performed. A final important result of these calculations is that the intensity borrowing by the dark states is extensive enough that they may be directly observable if the rotational manifold can be sufficiently cooled to relieve congestion of the excitation spectrum. A related result is that the lifetime measured in a time resolved experiment on this and similar species 26 will be quite dependent on the excitation bandwidth. Since the observed lifetime will depend on the extent to which both the bright and dark states are excited, it will be necessary to study the spectroscopy of species in detail before measured lifetimes can be interpreted.
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